Ribonucleotide reductases (RNRs) catalyze the production of deoxyribonucleotides, which are essential for DNA synthesis and repair in all organisms. The three currently known classes of RNRs are postulated to utilize a similar mechanism for ribonucleotide reduction via a transient thiyl radical, but they differ in the way this radical is generated. Class I RNR, found in all eukaryotic organisms and in some eubacteria and viruses, employs a diferric iron center and a stable tyrosyl radical in a second protein subunit, R2, to drive thiyl radical generation near the substrate binding site in subunit R1. From extensive experimental and theoretical research during the last decades, a general mechanistic model for class I RNR has emerged, showing three major mechanistic steps: generation of the tyrosyl radical by the diiron center in subunit R2, radical transfer to generate the proposed thiyl radical near the substrate bound in subunit R1, and finally catalytic reduction of the bound ribonucleotide. Amino acid-or substrate-derived radicals are involved in all three major reactions. This article summarizes the present mechanistic picture of class I RNR and highlights experimental and theoretical approaches that have contributed to our current understanding of this important class of radical enzymes.
Introduction
The enzymatic reduction of ribonucleotides to deoxyribonucleotides as catalyzed by the ribonucleotide reductase (RNR) (Sjö berg, 1997; Eklund et al., 2001; Kolberg et al., 2004) has emerged over the last two decades as a spectacular showcase of the unique potential of biological radical chemistry. Several mechanistically unique and still controversial features characterize the mode of action of RNR, in particular the generation of a transient cysteinyl radical in the active site by a long-range proton-coupled electron transfer and the elimination of the 29-hydroxyl of the ribonucleotide triggered by the cysteinyl radical ( Figure 1 ).
Three main classes of ribonucleotide reductases have been described, that are all proposed to be initiated by a transient thiyl radical situated near the substrate (Reichard, 1993; Sjö berg, 1997; Stubbe and van der Donk, 1998; Kolberg et al., 2004) and that are best classified according to the radical generator driving the catalytic reaction. Class II enzymes use cobalamin as the cofactor for generation of the functionally essential thiyl radical that remains strongly coupled to the cobalt ion (Licht et al., 1996) . Class III enzymes are strictly anaerobic and form a stable glycyl radical with the help of an iron-sulfur protein and S-adenosyl methionine (Eklund et al., 2001; Fontecave et al., 2002) . This article focuses on class I RNR, which is found in practically all eukaryotic organisms, from yeast and algae to plants and mammals, and equally in some eubacteria and viruses. The best understood class I RNR from E. coli consists of two homodimeric proteins, R1 and R2 (see Figure 2 ; Nordlund et al., 1990; Uhlin and Eklund, 1994; Eklund et al., 2001; Kolberg et al., 2004) . While the substrate turnover reaction is performed in R1, the role of protein R2 is to harbor in the active state a tyrosyl radical, Y122
• (E. coli numbering), located close to a diferric iron center. X-Ray structures have been determined separately for R2 and for R1 with substrate and one effector bound (Figure 2 ; Nordlund et al., 1990; Uhlin and Eklund, 1994) .
Three steps have been mechanistically identified in the reactions of class I RNR that indispensably depend on the presence and action of radicals: (i) the activation reaction of the diferrous center with molecular oxygen, generating the tyrosyl radical in subunit R2, which is essential for catalytic activity (Tong et al., 1996; Kolberg et al., 2004) ; (ii) the radical transfer reaction from the tyrosyl radical Y122
• in protein R2 to generate the putative thiyl radical at C439 in protein R1 (Sjö berg, 1997; Siegbahn et al., 1998; Stubbe et al., 2003) ; and (iii) catalytic reduction of the bound ribonucleotide to the corresponding deoxyribonucleotide initiated by the thiyl radical C439 Sjö berg, 1997; Persson et al., 1998; Siegbahn, 1998; Lawrence et al., 1999; Stubbe et al., 2003; Zipse, 2003; Kolberg et al., 2004) .
In this short review we outline experimental and theoretical approaches that have been used for investigation of the reaction pathways and intermediates of the three radical reactions, and which have significantly contributed to our current understanding of the reaction mechanism. On the experimental side, these are recent high-field electron paramagnetic resonance (EPR), electron nuclear double resonance (ENDOR) and electronelectron double resonance (ELDOR) experiments, while on the theoretical side much has been learned from studies based on density functional theory (DFT).
Radical generation reaction in protein R2

Functional transient diiron states and radicals in the activation reaction of class I RNR
The tyrosyl radical is generated in an activation reaction either from the diferrous R2 with molecular oxygen, or by reaction of the apo-protein with Fe II -solution and molecular oxygen (reconstitution) (Atkin et al., 1973; Tong et al., 1996) . In the latter case the overall reaction proceeds according to Eq. (1) (Bollinger et al., 1994a) : The mechanism of this activation reaction has been investigated in detail by several groups. The reductive cleavage of the oxygen molecule requires four electrons, three of which come from the two Fe II ions and the tyrosine Y122; the fourth electron has to come from another source (Bollinger et al., 1991 (Bollinger et al., , 1994a Nordlund and Eklund, 1993) . In an early stopped-flow absorption spectroscopy and freeze-quench EPR study (Bollinger et al., 1991) , a peroxodiferric complex followed by an iron-coupled radical, showing pronounced broadening upon 57 Fe substitution, were proposed as intermediates in this reaction. The peroxodiiron intermediate was later confirmed by resonance Raman (RR) spectroscopy (Moenne-Loccoz et al., 1998) and can be accumulated in protein variants, where electron flow from W48 is prohibited (Baldwin et al., 2003) . It was shown by EPR and Mö ssbauer studies that subsequent electron transfer to the (Fe 2 O 2 ) 4q peroxodiiron center from W48, which is near the protein surface, leads to the cation radical W48 . In variant W48F, a coupled 'X'-Y122
• EPR signal was observed . In the presence of an external electron source, the tryptophan cation radical W48 q• is rapidly reduced , whereas 'X' has a lifetime of ;1 s in E. coli RNR. A similar overall reaction scheme was found for the activation reaction of mouse RNR (Yun et al., 2002) . 'X' has been investigated extensively using a variety of spectroscopic methods. Early investigations using Mö ssbauer spectroscopy assigned 'X' as a strongly coupled diferric iron-radical center (Bollinger et al., 1994b; Ravi et al., 1994) . In a later, combined 35-GHz ENDOR and Mö ssbauer study, it was shown that 'X' is better described as a Fe III Fe IV state (Sturgeon et al., 1996) . Dinuclear Fe III Fe IV model complexes have been prepared and characterized (Dong and Que, 1995) . Extended X-ray absorption fine structure (EXAFS) studies of 'X' showed a short iron-iron distance (2.5 Å ) (Riggs-Gelasco et al., 1998) , from which the presence of two m-oxo bridges was suggested. A structural model with two m-oxo bridges and one carboxylate bridge was proposed based on X-ray structure data of R2 having azide bound to the diiron center (Andersson et al., 1999) . Theoretical studies by different groups agree well with this general coordination; however, the protonation state of the bridging oxygens and one terminal water (or OH -) is under debate (Siegbahn, 1999; Han et al., 2004) . Knowledge of the detailed structure of this high-valent diiron intermediate is important, since it is crucial for generating the tyrosyl radical. In the structural diiron enzyme homologue methane monooxygenase (MMO) with a different diiron ligation, reaction with O 2 leads to an intermediate Fe IV Fe IV species and no tyrosyl radical is formed; instead, hydrocarbon substrates are oxidized (Baik et al., 2003) . In RNR, the Fe III Fe IV intermediate 'X' finally generates the tyrosyl radical Y122
• , which is approximately 5 Å from Fe1, by abstraction of one proton and one electron, thereby turning the diiron cluster into the antiferromagnetically coupled diferric state (Bollinger et al., 1994a,b) . It has been shown by Raman spectroscopy using 18 Olabeled O 2 that the oxygen molecule is indeed split and one of its oxygen atoms forms a m-oxo-bridge between the two irons in the final active form (Ling et al., 1994) , whereas the other oxygen is found in a terminal water ligand. The observation of a transient tryptophan cation radical at position W48 (Bollinger et al., 1994b; Uhlin and Eklund, 1994; Sjö -berg, 1997) . Structures for the homodimeric subunits R2 (blue, diferric form; Nordlund et al., 1990 ) and R1 (orange; Uhlin and Eklund, 1994) have been solved separately. The two irons (yellow) with bridging oxygen and terminal water ligands (red), and selected amino acids from the proposed electron/proton transfer pathway, Y122, H118, W48 (cyan) in R2, and Y731, Y730 (cyan) and the bound GDP (blue) in R1 are indicated (see text). The outer numbers denote the major p-spin densities deduced from EPR and ENDOR experiments (see text). Together with small negative spin densities at positions 2 and 6 (-0.08) and at position C4 (-0.05) and a small positive spin density at C(methylene) (q0.03), these numbers add up to a total spin density of 1 (Hoganson et al., 1996) . Molecular and g-tensor axes systems for the tyrosyl radical are collinear (Mezzetti et al., 1999) . Krebs et al., 2000) is of particular interest. It suggests that for the radical generation reaction within R2, the same electron transfer pathway is used as for the catalytic radical transfer from Y122
• in R2 to C439 in R1, where involvement of W48 was also proposed (Uhlin and Eklund, 1994; Ekberg et al., 1996; Rova et al., 1999) .
Structure and protein interactions of the tyrosyl radical in class I RNR
Since its early discovery (Ehrenberg and Reichard, 1972) the tyrosyl radical Y122
• (Figure 3 ), in class I RNR of E. coli has been extensively investigated by EPR techniques. Its hyperfine (hf) structure has been characterized in detail by several groups, using conventional and highfield EPR and ENDOR techniques . For reviews of these studies see Bennati et al. (2001) and Lendzian (2005) . Similar ENDOR studies were performed on the radical Y177
• in mouse RNR (van Dam et al., 1998 ) and the tyrosyl radical in yeast RNR (Bar et al., 2001) .
From these studies it was concluded that the overall spin density distribution of the tyrosyl radicals shown in Figure 3 was very similar in these class I RNRs. The tyrosyl radical in a second RNR, termed class Ib, which was found as the active aerobic enzyme in some bacteria, e.g., Mycobacterium tuberculosis, showed significantly different hf tensors of the b-protons of the tyrosyl side chain compared with the class Ia enzymes present in E. coli and mouse (Liu et al., 2000) . Class Ib RNR has a very similar overall structure for R2 compared with class Ia from E. coli (Figure 1 ) or mouse, except for a greater distance between the tyrosyl radical and the diiron site. However, in contrast to class Ia, class Ib lacks overall allosteric activity regulation (Eklund et al., 2001) . The difference in hf tensors of the b-protons between class Ia and class Ib was attributed to geometrically different side-chain orientations (see Figure 3 ; Liu et al., 2000; Eklund et al., 2001; Lendzian, 2005) largely determined by protein constraints. Indeed, theoretical studies indicated that the side chain orientations of the tyrosyl radicals Y122
• in E. coli RNR and of the tyrosyl radical in class Ib RNR correspond to two energetic minima (Himo et al., 1997) .
The electronic g-tensor has been determined with high accuracy using high-field EPR for the tyrosyl radicals in RNR from a variety of organisms (Gerfen et al., 1993; Bennati et al., 2001; Lendzian, 2005) . Interestingly, the g x component of tyrosyl radicals in class I RNR has not the same value for all organisms. Two groups of tyrosyl radicals were found, one group with a g x value of approximately 2.0076 (mouse, yeast, and virus HSV1 RNR) and another group with g x values between 2.0089 and 2.0092 (E. coli, M. tuberculosis, S. thyphimurium RNR) Bar et al., 2001; Lendzian, 2005) . Using experimental and theoretical studies, this difference was traced back to polar interactions, in particular those that involve hydrogen bonding to the oxygen attached to the tyrosine ring, as in mouse and yeast RNR Engströ m et al., 2000; Un et al., 2001 Dam et al., 1998; Bar et al., 2001) . Interestingly, the tyrosyl radical in class Ib Mycobacterium tuberculosis was found to exhibit a heterogeneity showing stretched g x values between 2.0092 and 2.0080 and it was speculated that the enzyme may be activated by connecting the radical to the chain of hydrogen bonds (Liu et al., 2000) .
Reorientation induced by tyrosyl radical formation (94-GHz single-crystal EPR)
Crystal structures of E. coli R2 are available for both the reduced diferrous (Fe   II   Fe II -Y122-OH) form and the diferric, so-called 'met' form lacking the radical (Fe III Fe III -Y122-OH) (Eklund et al., 2001 ), but not for the active radical form of R2, because the tyrosyl radical Y122
• is too short-lived to survive crystallization of the protein.
The question of the amount of displacement (reorienta- tion) of the tyrosine Y122 upon radical formation has been investigated in a recent combined high-field EPR and high-resolution (1.4 Å ) X-ray single-crystal study (Hö gbom et al., 2003) . Thus, the orientation of the g-tensor axes of the radical Y122
• in the crystal was determined with high precision by single-crystal high-field EPR. The g-tensor axes of the tyrosyl radical were known to be collinear with its molecular axes ( Figure 3 ) from a previous study on irradiated tyrosine crystals (Mezzetti et al., 1999) . The radical Y122
• was generated in single crystals of R2 by reaction of met-R2 (Fe III Fe III -Y122-OH) with H 2 O 2 , a method that was previously used for R2 protein solutions to generate the tyrosyl radical and restore catalytic activity (Sahlin et al., 1990) . The radical yields obtained in the crystals of approximately 10% were too low for determining the X-ray structure for the radical state, but sufficient to obtain well-resolved single-crystal EPR spectra with good signal/noise ratio. Angulardependent 94-GHz high-field EPR spectra were recorded and a full 1808 rotation pattern of the spectra is shown in Figure 4 (dark traces). The data were analyzed by simultaneous simulation of all spectra (light gray traces) for all eight sites in the crystal and for all orientations using the known crystal symmetry (orthorhombic space group P2 1 2 1 2 1 ) and the symmetry axis relating chains A and B of the protein R2 homodimer (Hö gbom et al., 2003) .
Analysis of the spectra showed that 60-70% of the relative radical yield was located in protein chain A and only 30-40% in chain B. Interestingly, the maximum radical yield determined from reconstituted frozen solutions of R2 was also reported to have a non-stoichiometric value of ca. 1.2 per protein dimer (Miller et al., 1999) . The radical Y122
• was found to be rotated with respect to the reduced tyrosine, Y122-OH, leading to angles of 108, 88, and 58 (errors "18) between their respective molecular x-, y-, and z-axes (see Figure 3 for axes). This radical orientation was achieved in the structural model by rotations of 118 about the C a -C b and -38 about the C b -C 1 bonds, as shown in Figure 5 . The main effect of this reorientation was displacement of the tyrosine oxygen, away from the diiron site. In the met form of R2, the oxygen of the reduced tyrosine has a distance of approximately 3.2 Å from one of the oxygens of D84, probably forming a weak H-bond. This distance is increased to over 4 Å in the radical form, which is too large for hydrogen bonding to D84 (Hö gbom et al., 2003) . The observed conformational change induced by radical formationcoupling or uncoupling Y122 from the metal site and from the hydrogen bond network ( Figure 5 ) -probably contributes to the remarkable stability of the radical and may assist in controlling reversible protonation/deprotonation of the tyrosyl, proposed for the radical transfer reaction, generating the thiyl radical in subunit R1 (Siegbahn, 1998) .
Radicals generated in protein R2 variants with replaced tyrosine
Several mutants have been investigated in which the active tyrosyl radical has been replaced by other amino acids to investigate the mechanism and intermediates of the iron/oxygen reconstitution reaction in R2 in more detail, and to explore which amino acid radicals other than tyrosine may be generated and may possibly be functionally competent.
Tryptophan neutral radicals
When tyrosine Y122 in R2 of E. coli was replaced with phenylalanine (mutant Y122F), two different tryptophan radicals were observed as reaction intermediates of the iron/oxygen reconstitution reaction. They have been identified by EPR and ENDOR spectroscopy using indold 5 tryptophan labeling and were characterized as neutral radicals, deprotonated at the indole nitrogen. Based on the resolved hf tensors of the side chain protons, the side chain orientation for both tryptophan radicals was obtained. This allowed site-specific assignment of one radical, observed in freeze-quenched samples, to residue W111, and the second radical, observed in stopped-flow experiments, to W107, based on comparison with the Xray structure (Lendzian et al., 1996) . A similar neutral tryptophan radical was observed and characterized by ENDOR in mutant Y177W of mouse RNR, for which it was assigned to residue W177
• . High-field EPR (94 GHz or higher frequency) proved to be very useful for radical identification, in particular for discriminating tryptophan and tyrosyl radicals based on the much greater g-anisotropy for the latter case (Bleifuß et al., 2001) .
The tryptophan neutral radicals observed at residues W111 and W107 in E. coli variant Y122F show the presence of different electron pathways compared with the wild-type R2 and indicate that these tryptophan neutral radicals in Y122F are probably more stable than the cation radical W48 q• (see above). Standard activity assays performed with the E. coli and mouse mutants (Y122F, Y177W) exhibiting tryptophan radicals showed no catalytic activity . Activity might have been expected for mutant Y177W of mouse RNR, in which the radical W177
• was at the same site as the tyrosyl radical Y177
• in the wild type, but was probably obscured by the short lifetime of this radical of only 30 s .
Radical-iron centers in variants with hydroxylated F208 in R2 of E. coli
Several mutants of E. coli RNR in which amino acids near the diiron site of R2 were replaced (Y122F/E238A, F208Y, and W48F/D84E) showed self-hydroxylation reaction of the aromatic amino-acid residue F208 ( Figure 5 ) next to the diiron site (Logan et al., 1998; Baldwin et al., 2001) . A new class of strongly coupled radical-iron centers has been observed in some of these mutants. In F208Y the iron/oxygen reconstitution reaction was reported to show branching, with one branch leading to an EPR singlet signal, which was attributed to an oxo-ferryl species, possibly in equilibrium with a radical on Y208 (Liu et al., 1998) . A similar EPR signal was also observed in mutant Y122H.
Recently, mutants Y122H (Kolberg et al., 2005) Figure 6 ), and also shows smaller hyperfine anisotropy, which is typical for Fe III and not for Fe IV (Sturgeon et al., 1996) . The paramagnetic center in Y122H was shown to be made up by two Fe III high-spin ions (Ss 5 / 2 ) and a strongly coupled, most probably coordinated radical (Ss 1 / 2 ), which couples to a total spin of Ss 1 / 2 . Such a radical diferric center was an early proposal for intermediate 'X' (Ravi et al., 1994) , which was later assigned to a Fe III Fe IV state (Sturgeon et al., 1996) . The radical site in Y122H was identified as oxidized phenoxyl (tyrosyl) radical F208-O
• using phenylalanine-d 8 isotope labeling and mass spectrometry (Kolberg et al., 2005) . There is a high structural similarity between the diiron centers in R2 of RNR and in the hydroxylase subunit of methane monooxygenase (MMO), for which reaction of the diferrous iron center with molecular oxygen leads to hydroxylation of the substrate methane (Baik et al., 2003) . Apparently, small changes in the diiron ligand sphere can redirect the iron-oxygen reaction in RNR variants to result in hydrocarbon oxidation, as in MMO (Logan et al., 1998; Baldwin et al., 2001; Kolberg et al., 2005) . A remarkable feature of the coupled radical iron centers Fe III Fe III -F208-O • formed in mutant RNR is their unusual stability (more than several weeks at room temperature). These centers show, however, no catalytic activity. Thus, hydroxylation and subsequent formation of a phenoxyl radical at F208, coordinated to Fe1, is apparently a wasteful second reaction pathway in RNR, which has to be carefully avoided in the native enzyme to maintain RNR function, i.e., generation of a catalytically active radical.
A stable Fe
III Fe IV center as functional replacement for the tyrosyl radical in RNR of C. trachomatis Recent studies on a new subform of class I RNR found in infectious bacteria such as Chlamydia trachomatis highlighted the importance of high-valent states of the diiron center. C. trachomatis RNR has a phenylalanine at the site corresponding to tyrosine Y122 in E. coli. Instead of a tyrosyl radical, a Fe III Fe IV state was observed by EPR and was proposed to play the role of the active species, triggering generation of the thiyl radical in subunit R1 of C. trachomatis RNR (Hö gbom et al., 2004) . This proposal became even more reasonable by the finding that this Fe III Fe IV species, which has a lifetime of only approximately 1 s in E. coli RNR, lives in C. trachomatis RNR for hours when the second subunit R1 and substrate are present (Voevodskaya et al., 2005) . These results might indicate a newly identified role of the Fe III Fe IV state in other class I enzymes, where it is a long-known precursor of the tyrosyl radical in the reaction of the diferrous center with molecular oxygen, but might also be involved in mediating the radical transfer generating the thiyl radical in subunit R1 from the tyrosyl radical in R2.
Studies on the mechanism of radical initiation in R1
Docking model of R1:R2 and proposed pathway of radical initiation A major unresolved question for the class I RNRs is the mechanism of radical initiation. How does a tyrosyl radical Y122
• (E. coli numbering) in the R2 subunit generate a putative transient thiyl radical (S • ) on the R1 subunit located 35 Å away (Uhlin and Eklund, 1994; Eklund et al., 2001; Stubbe et al., 2003) ? E. coli and mouse RNRs are the most extensively studied of the class I RNRs. The active E. coli RNR is thought to be a 1:1 complex of the R1 and R2 (a2b2) subunits. R1 is composed of two 85-kDa monomers and R2 is composed of two 43.5-kDa monomers (Figure 2) . The active complex of the mouse RNR has been reported to have an a2b2 and a6b6 composition (Scott et al., 2001; Kashlan and Cooperman, 2003) . Structures at atomic resolution of E. coli R1 (Uhlin and Eklund, 1994) , and mouse (Nielsen et al., 1995; Strand et al., 2004) , and yeast R2s Sommerhalter et al., 2004) have been published. However, no structural data for an active complex of R1 and R2 have yet been reported. Any model for the mechanism by which the Y122
• on R2 generates an S • on R1 is based on a docking model of the R1 and R2 subunits in a 1:1 transient complex proposed by Uhlin and Eklund (1994) . This structural model is displayed in Figure 2 .
While the interactions of the two proteins have been examined in detail (Thelander, 1973) , re-examination of their interactions and lifetimes of the R1:R2 complex in the presence of substrate and allosteric effector is essential to elicit information on the radical initiation process. The present docking model used to envisage radical initiation is based on shape complementarity between the R2 and R1 surfaces and the presence of conserved residues of R2 that reside on the proposed R2 docking surface (Ekberg et al., 1998) . In addition, the important observation that removal of the C-terminal tail (residues 6-30) of R2s results in loss of R1/R2 interactions and the ability to reduce nucleotides, and that peptides of the Cterminal tail of R2 are competitive inhibitors of this interaction, also supports the proposed model (Climent et al., 1991 (Climent et al., , 1992 . In both the E. coli and mouse RNRs (Lycksell et al., 1994) the interactions between R1 and R2 are weak, of the order of 0.1-0.2 mM. The C-terminal ends of all R2s (the last 30-50 amino acids) are not observed in the X-ray structures due to their thermal lability (Lycksell and Sahlin, 1995) . The last detectable amino acid is residue 340 in the E. coli R2. If the peptide bound to R1 adopts a conformation similar to that adopted by the Cterminus of R2 bound to R1, then a model results in which only 19 amino acids are missing and the distance between Y122
• on R2 and the precursor C439 to the S
• radical on R1 is 35 Å . Nevertheless, a large structural void of 25 Å remains between W48 on R2 and Y731 on R1. Furthermore, the essential Y356 residue is located in the C-terminus of R2, which is not visible in the structure. Sjö berg, Grä slund and their collaborators (Uhlin and Eklund, 1994; Ekberg et al., 1996; Rova et al., 1999) proposed a radical initiation pathway over 10 essential residues:
Y122™D84™Fe1™H118™D237™W48™Y356
™Y731™Y730™C439
The model suggests that communication between Y122 and C439 occurs via coupled electron-proton transfer along a conserved hydrogen-bonded chain on the proposed pathway. From the structure of R2 and the present docking model, identification of such a directly coordinated hydrogen-atom-transfer pathway is difficult . Theoretical calculations at the B3LYP level on selected model systems indicated that hydrogen atom transfer between Y731 and Y730 has a barrier of 20.5 kJ/mol and of 33.9 kJ/mol between Y730 and C439. Considering the performance of the B3LYP method in a variety of radical reactions, these barrier heights must be taken as lower bounds of the true barriers for the selected model systems (Lynch et al., 2000) . A mechanistic model was proposed in which electron transfer from W48 to a hydroxyl ligand of the iron is coupled to separate abstraction of a hydrogen atom from a water ligand of the diiron cluster by Y122
• . Recently, the first direct experimental evidence Figure 7 Normalized DEER traces of E. coli R2 and of Rnr2-Rnr4 from yeast. Traces (a) and (b) correspond to a microwave pump pulse duration of 32 ns (same for yeast Rnr2Rnr4) and 12 ns, respectively (Bennati et al., 2003) . The oscillation corresponds to a distance of 33.1 Å . In the top part of the figure, the distance is illustrated as compared to the X-ray structure from Hö gbom et al. (2003) .
for the chemical competence of amino acid intermediates in the postulated pathway and for the role of Y356 was reported (Chang et al., 2004) .
The most intriguing feature of the mechanism of radical initiation is that it occurs only when the substrate and/or the allosteric effector are positioned on the R1 subunit ready for reduction. This raises the question as to whether any conformational change might trigger this mechanism. Recent pre-steady-state experiments (Ge et al., 2003) reported the observation that Y122
• is not lost under any conditions of turnover, in which the substrate, effector or pH are varied, on a time scale from 2 ms to seconds. On the other hand, the mechanistic model requires that Y122
• is reduced and re-oxidized for the production of each dNDP. These results, in conjunction with pre-steady-state and steady-state turnover numbers for dCDP formation, revealed that the rate-determining step is a physical step prior to rapid nucleotide reduction and rapid tyrosine reoxidation to Y122
• . The data also indicated that the stoichiometry of dCDP formation is greater than the amount of Y122
• per R2 subunit. The last observation is puzzling, since it requires that one Y122
• can activate both monomers of R1, and opens up a new layer of complexity into the mechanism of radical initiation. Further understanding of this mechanism requires experiments that are capable of detecting the formation of the postulated amino-acid intermediates on the R2™R1 pathway, as well as their population with respect to both homodimeric subunits.
Radical probes to monitor distances and populations in R1:R2 with PELDOR spectroscopy
Pulsed electron-electron double resonance (PELDOR) spectroscopy is a method that monitors weak dipoledipole interactions between the electron spins of radicals that span distances between approximately 15 and 80 Å (Milov et al., 1998; Jeschke, 2002) . This method provides a means to measure distances between R1 and R2 in frozen solution and in the presence of the substrate and allosteric effectors, if paramagnetic species can be specifically attached to R1 and R2, respectively. The advantage over X-ray crystallography is that experiments can be performed under physiologically relevant conditions, with a minimal radical-pair concentration required of approximately 20 mM (Jeschke, 2002) . Furthermore, the method gives access not only to distances, but also to the population of the radical pair, allowing the formation and destruction of radicals on a postulated pathway to be followed.
PELDOR was first used to perform a direct measurement of the distance between the two Y122
• s on each monomer of R2 (Bennati et al., 2003) . Since the early studies on class I RNR, it has been reported that R2 contains approximately one Y122
• per homodimer. However, accurate spin quantitation indicated that the amount of radical slightly exceeds the R2 protein dimer concentration (Bollinger et al., 1991; Miller et al., 1999) and the distribution of these radicals in solution remains to be established. In Figure 7 we report echo-modulation traces of Y122
• in the E. coli enzyme compared to that from yeast, which contains only one Y122
• per heterodimer. Only the E. coli R2 trace unambiguously shows an oscillation on top of an exponential decay. This feature is indicative of a weak dipolar interaction between two or more Y122
• radicals. Fourier transformation of the trace after baseline subtraction leads to a sharp oscillation frequency of 1.39"0.01 MHz and a distance of 33.1 Å , which was interpreted as between the center of gravity of the spin density distributions. The distance is in excellent agreement with the distance between Y122 on each protomer of R2 from the X-ray structure and single-crystal EPR studies (Nordlund et al., 1990; Hö gbom et al., 2003) , and therefore the data provide evidence that Y122
• exists on both subunits of R2. A more quantitative evaluation of the modulation depth indicated that at least 25% of the Y122
• s are paired in a sample, with a radical content of 1.2 Y122
• s per dimer. The method was also implemented at higher fields and frequencies (6 T, 180 GHz) and it was found that the observed orientational selectivity in the PELDOR modulation was consistent with the relative orientation of the two tyrosines as revealed by the X-ray structure (Denysenkov et al., 2005) .
A method of producing stable radicals in R1, which can be used as spin probes in distance measurements, consists of incubating the enzyme with well-studied, mechanism-based inhibitors or mutants. For instance, reaction of class I RNR with the inhibitor 29-azido-29deoxyuridine-59-diphosphate (N 3 UDP) leads to complete inactivation of the enzyme, loss of the tyrosyl radical and production of a stable nucleotide-based nitrogen-centered radical (N • ) (Thelander et al., 1976; Sjö berg et al., 1983; van der Donk et al., 1995) , which is covalently attached to the sulfur of C225. The radical on R1 is stable on the minute time scale. The structure of N
• has been debated in the literature over the past two decades. Based on extensive • radical from the reaction of class I RNR with N 3 UDP as obtained from the quantum chemical calculations of Fritscher et al. (2005) . Major spin densities are found in this CN
• S type radical only at atoms labeled N and S; for details see Fritscher et al. (2005) . Ox-N 3 UDP, in combination with EPR and DFT calculations, has recently permitted assignment of the structure of this species to a CN • S type radical and also provided evidence for trapping of a 39-ketonucleotide in the reduction mechanism of nucleotides (Fritscher et al., 2005) . The structure of a model of the radical as optimized by DFT methods by Fritscher et al. (2005) is reported in Figure 8 . The structure is well compatible with linking of the nucleotide to C225 on the bottom face, as revealed by comparison with the X-ray structure of R1 with bound substrate (Uhlin and Eklund, 1994) .
EPR distance measurements support a model for long-range radical initiation
The reaction of E. coli class I RNR with the inhibitor N 3 UDP was used to measure the distance between the subunits R1 and R2 in the activated enzyme in frozen solution . Although the reaction is accompanied by destruction of Y122
• , it was assumed that in R2s containing two Y122
• s, only one radical might participate in the catalytic cycle. Therefore, the second radical could be used as a paramagnetic probe to monitor the distance to N
• in R1. This working hypothesis leads to the reaction scheme in Figure 9 . We note that the PELDOR experiment detects only the R1:R2 complexes containing one paramagnetic pair. Thus, all R2s occupied by only one Y122
• , which in turn generates N • , do not contribute to the experiment.
Incubation of E. coli RNR with N 3 UDP and quenching after 60 s resulted in an EPR spectrum that contained 57% N
• and 43% Y122
• (Figure 10, top) . The PELDOR time trace after subtraction of a mono-exponential decay (Figure 10, bottom) shows a weak oscillation. Analysis of the traces revealed a distance of 48.5"0.5 Å , which was assigned to the N • -Y122
• cross-distance between the subunits. Independent control experiments were also carried out to unambiguously exclude the possibility that the distance observed could arise from N • pairs in each active site of the R1 homodimer. The distance measured was consistent with the docking model when the structure of N
• was modeled into the R1 active site. Thus, the result rules out a large conformational change between R1 and R2 on formation of the active complex.
The long distance and the lack of any large conformational rearrangement support the proposed radical migration through a pathway involving aromatic amino acids over a distance of 35 Å (Chang et al., 2004) . Finally, the data gave evidence that only a single active site within R1 is occupied with N iments (Ge et al., 2003) , which showed that both monomers of R1 can produce dNDP with identical rate constants. The observation might be rationalized by considering that the inhibitor blocks RNR at the first turnover and a second dNDP cannot be produced. Furthermore, from the two available Y122
• radicals on R2, only one seems to produce N
• . This suggests a complex interplay of the subunits that permits electron transfer from a single Y122
• in R2 to the active site of R1.
Mechanism of the reduction of ribonucleotide in R1
Over the years, various mechanistic hypotheses for elimination of the 29-hydroxyl group from the ribonucleotide ( Figure 1 ) have surfaced ) that all invoke radicals as important intermediates in this process. This view is supported by the radical nature of the enzyme (see above), by a battery of results from mechanism-based inhibitor reactions (van der Donk et al., 1995; Covè s et al., 1996; Fontecave, 1998) , and by the outcome of studies with isotopically labeled compounds (Stubbe and Ackles, 1980; Stubbe et al., 1983) and with site-directed mutants (Mao et al., 1992a,b,c; Lawrence et al., 1999) . Unfortunately, there is still no direct spectroscopic evidence for substrate radicals in the transformation of natural substrates by the wildtype enzyme. The strongest evidence, therefore, stems from the inactivation of RNR from E. coli with (E)-and (Z)-29 -fluoromethylene-29-deoxycytidine-59-diphosphate, because EPR studies indicated that loss of the tyrosyl radical in R2 is accompanied by the formation of a new, substrate-based radical (van der Donk et al., 1996; Gerfen et al., 1998) . Similarly, with 29-azido-29-deoxyuridine-59-diphosphate (N 3 UDP), a stoichiometric mechanismbased inhibitor, the inactivation of RNR was accompanied by loss of the tyrosyl radical on the R2 subunit, concomitant with the formation of a new nitrogen-centered radical (van der Donk et al., 1995; Fritscher et al., 2005) .
While the essential residues involved in the catalytic cycle have been identified through activity studies of sitedirected mutants (Mao et al., 1992a,b,c; Lawrence et al., 1999) , the proximity of the most relevant residues, Cys 225 , Cys 439 , Cys 462 , Glu 441 , and Asn 437 , to the substrate C29 and C39 centers has been revealed through X-ray crystal structure analysis of the R1 protein with bound substrate (Uhlin and Eklund, 1994; Eriksson et al., 1997; Persson et al., 1997) . These pieces of evidence were splendidly merged with results from experiments on small model systems in homogeneous solution, indicating that the elimination of water can indeed be effected via a radical pathway. While older investigations focused on simple compounds, such as the dehydration of a,b-dihydroxyalkanes (Steenken et al., 1986) , later studies were able to shed light on the radicalbased dehydration of ribonucleotide-like models (Lenz and Giese, 1997) . A currently widely accepted mechanistic model is shown in Figure 11 . The individual steps of the mechanism shown in Figure  11 have been proposed based on analogous reactions in homogenous solution and predict an intuitively attractive overall sequence of events. However, since most of the experimental results have been obtained by severely disturbing the natural enzymatic reaction using mutants or mechanism-based inhibitors, a critical step-by-step evaluation of the hitherto claimed 'evidence of mechanism' is certainly warranted.
Step (1) All combined enzymatic, chemical and computational results suggest that the reductive elimination is initiated by the endothermic abstraction of the 39-H at the ribonucleotide by the C439 thiyl radical (Stubbe and Ackles, 1980; Stubbe et al., 1983; Siegbahn, 1998; . Despite all the technical problems involved in theoretical studies of negatively charged open-shell systems (Siegbahn, 1998; Mohr and Zipse, 1999) , all small model studies of the initial hydrogen abstraction Figure 12 Various mechanistic options for the elimination of water, i.e., step (2). step agree that this step is endothermic. Estimates based on experimentally measured heats of formation of methyl thiol and methanol radical put the endothermicity at 38-42 kJ/mol (Zipse, 2003) . Reaction barriers for these small models are approximately 25 kJ/mol higher. However, the reaction barrier and the reaction energy benefit significantly from coordination of the C39 OH group to the negatively charged carboxylate group of E441, lowering the barrier by 12-17 kJ/mol and the reaction energy by at least 8 kJ/mol (Zipse, 2003; Pelmenschikov et al., 2004) . The consideration of significantly larger parts of the substrate and the enzyme in theoretical studies has only recently been attempted (Cerqueira et al., 2004a; Pelmenschikov et al., 2004) , with the result that the reaction barrier and reaction energy of the first step are much less favorable than found in small models. How far this finding is due to the constraints imposed onto the system will have to be investigated in future studies. However, even the most optimistic scenario describes the initial hydrogen abstraction step as energetically unfavorable, if not even rate-limiting for the overall substrate conversion. Reaction progress must therefore be driven by a subsequent, energetically more favorable reaction step.
Steps (2) and (3)
The elimination of water from the 39-ribonucleotide radical to afford the a-ketone radical 2 may occur via several distinct pathways, and the three most likely mechanisms are shown in Figure 12 . Experimental differentiation between these three mechanistic options is quite difficult because all of them converge on the formation of the same final intermediate. One additional difficulty in establishing a concise mechanism for step (2) is that all relevant functionalities (29-and 39-OH) of the substrate may be modulated in their reactivity by hydrogen bonding, or partial or full proton transfer with groups C225, C462, E441, and N437 in the active site. In such a melange of mechanistic possibilities, it is strategically most helpful to eliminate first the most complex pathways (using Occam's razor) and second, those that have a high potential for undesired side reactions.
Pathway (2a) in Figure 12 invokes the occurrence of an intermediate distonic radical cation formed upon protonation of the 29-OH group by the cysteine thiol, an early hypothesis in the field (Stubbe, 1989) . The distonic radical cation was postulated to eliminate water to produce an enol radical cation. As enol radical cations are quite acidic (Rö ck and Schmittel, 1993; Schmittel, 1994) , protonation of the E441 carboxylate group with the concomitant formation of a ketone radical would readily be explained. There are, however, two peremptory drawbacks to this reaction mode, as the initial proton transfer from a sulfhydryl group (pK a s8.5) to the 29-hydroxy functionality (ROH 2 q pK a (-3) is strongly endergonic. This latter value is supported by theoretical estimates indicating closely similar acidities of protonated alcohols and structurally related distonic radical cations (Zipse, 1995) . In homogeneous solution, protonation of the hydroxy group will only occur in rather acidic media. Moreover, enol radical cations are rather strong oxidants, irrespective of hydrogen bonding interactions (Lal et al., 2003) ; thus, the intermediate could also trigger undesired electron-transfer oxidation of the C225 thiolate that would be strongly exothermic.
Pathway (2b), involving simultaneous acid/base-catalyzed dehydration, has evolved as the currently favored mechanism. The concept was first introduced by Zipse (1995) , who suggested that a protonated glutamate could act as a bifunctional catalyst. A variation of this theme using only neutral molecules to avoid charge separation was computationally investigated slightly later (Siegbahn, 1998) , but the experimental pH dependence of the enzyme activity (Persson et al., 1997) , showing highest activity at pH 8, is more suggestive of the involvement of E441 in its deprotonated form wpK a(Glu-COOH) s4.4x. At about the same time, Zipse's hypothesis was refined by Stubbe and van der Donk (1998) , who postulated that the E441 carboxylate group abstracts the proton at 39-OH simultaneously with the protonation of 29-OH by C225, leading to facile dehydration. Such a concerted process would be most suited to provide the least amount of side reactions by avoiding high-energy substrate derivatives such as ion radical intermediates. Recent theoretical studies including E441 in its anionic form predict a free energy barrier of q43.9 kJ/mol and a reaction free energy of q29.7 kJ/mol for this step (Cerqueira et al., 2004b ). This proposal is currently only in conflict with the EPR detection of a disulfide radical anion in the reaction of a E441Q R1 mutant (Lawrence et al., 1999) , as a glutamine in position 441 would not be able to promote efficient acid/ base-catalyzed dehydration. A way out of this predicament requires an alternative pathway for the E441Q R1 mutant to generate the disulfide radical anion that is independent of the elimination reaction.
Pathway (2b) can also be formulated in a stepwise manner, involving first deprotonation of the C39 hydroxyl group through E441 and subsequent elimination of the C29 hydroxyl group to yield the a-ketone radical 2. This mechanism has evolved from model studies in homogeneous solution under mild general-base catalysis conditions (Lenz and Giese, 1997) . In addition, a-eliminations of ketyl radical anions are rapid and efficient processes widely applied in synthesis (Schmittel and Ghorai, 2001 ). However, while solution studies clearly favor the radical anion mechanism due to its lower barrier than the radical cation variant (Lenz and Giese, 1997) , results from mutants of E. coli argue strongly against a stepwise radical anion mechanism (Persson et al., 1997) . In an E441Q R1 mutant study, Stubbe and colleagues shut down the deprotonation pathway for the 39-ribonucleotide radical by exchanging E441 (glutamate) with Q441 (glutamine), but formation of the disulfide radical anion was observed nevertheless (Lawrence et al., 1999) . Also, the formation of a ketyl radical anion intermediate in the enzyme active site would bring about two additional problems. Most importantly, ketyl radical anions are very strong reducing agents, the reduction power of which cannot be substantially alleviated through hydrogen bonding (Oelgemö ller et al., 2001 (Oelgemö ller et al., , 2002 . Hence, the possibility arises that electron transfer into the protein backbone would lead to significant side reactions, competing to some extent with the desired release of hydroxide in the a-position. Moreover, a stepwise process suggests that a freely diffusing hydroxide is liberated. While it is highly likely that mostly the C225 sulfhydryl is targeted for proton transfer, there is also a chance that E441 is deprotonated. Both the base-catalyzed pathway (2b) and the acid-catalyzed pathway (2a) assume that a-ketone radical 2 is trapped in the subsequent step (3) through hydrogen atom transfer from C225, yielding ketone 3 as a closed-shell reaction intermediate.
Pathway (2c), involving homolytic elimination of the C29-OH group and concerted hydrogen abstraction of the incipient hydroxyl radical from the thiol group of C225, has recently emerged from theoretical studies of extended model systems (Pelmenschikov et al., 2004 ). In contrast to pathways (2a) and (2b), a neutral substrate enol intermediate is now generated as the primary reaction product, together with a water molecule situated directly below the enol substrate and a thiyl radical at the C225 position. Generation of the closed-shell ketone intermediate 3 in step 3 now only requires reshuffling of the hydrogen bonding network of the active site. That the substituent connected to the C29 carbon atom is cleaved homolytically has previously not been assumed to be relevant for the natural substrates of RNR enzymes, but represents the default pathway in model reactions performed in apolar solvents on substrates carrying a C29 leaving group, such as thiol (Pereira et al., 2005) , phenylsulfinyl (Robins et al., 1999) , or halides (Robins et al., 1996) . For disulfide substituents in the C29 position, experimental and computational studies are suggestive of homolytic cleavage, even in the enzyme-catalyzed reaction (Covè s et al., 1996; Pereira et al., 2005) . However, even for halides, the influence of a polar, hydrogenbonding environment may be substantial enough to force the heterolytic elimination mechanism favored in the enzyme-catalyzed transformation (Harris et al., 1984; Fernandes and Ramos, 2003) . Extensive work on the reaction of N 3 UDP with wild-type enzyme (Salowe et al., 1993; van der Donk et al., 1995) can be rationalized by either the anionic release of azide (Pereira et al., 2003) or by initial homolytic generation of an azide radical and subsequent reduction to azide, in both cases followed by a sequence of N 2 elimination and addition to the C39 carbon atom. The N-centered radical generated in this latter step has only recently been characterized through a combination of high-field EPR spectroscopy and DFT calculations (Fritscher et al., 2005) .
Step (4) The involvement of the disulfide radical anion is still a strongly debated element of RNR catalysis (Cerqueira et al., 2004b) , but all features of the mechanism are in good agreement with findings from chemical models. For example, disulfide radical anions are well known from pulse radiolysis studies, although their lifetime in water is usually very short, being in the microsecond regime (Hoffman et al., 1972) . A common approach to disulfide radical anions is by a combination of RS
• and RS -, as this reaction is nearly diffusion-controlled in aqueous solution, a reaction now postulated to occur in the active site. Equilibrium constants for this association reaction are in the range 10 2 -10 4 M -1 (Mezyk and Armstrong, 1999) . Direct evidence for the reaction of the thiyl radical and thiolate to the disulfide radical anion was recognized by EPR in the enzymatic process, at least for the E441Q R1 mutant (Lawrence et al., 1999) . The reduction potentials Figure 13 Step (4) as suggested by Cerqueira et al. (2004b) and by Pelmenschikov et al. (2004). of disulfides are in the range of -1.9 to -2.3 V SCE for dialkyl derivatives (Mezyk and Armstrong, 1999; Antonello et al., 2002) ; hence, disulfide radical anions are strong reducing agents that can reduce carbonyl derivatives, in particular if these are involved in hydrogen bonding (Oelgemö ller et al., 2002) .
As such, the only major problem is to rationalize the proton-coupled electron transfer depicted in step (4). An earlier suggestion by Persson et al. (1997) was recently refined by others (Cerqueira et al., 2004b; Pelmenschikov et al., 2004) . Accordingly, reduction of the 39-ketodeoxynucleotide proceeds in a single step involving protoncoupled electron transfer through oxidation of the disulfide radical anion and deprotonation of E441. This electron transfer process is facilitated by the presence of N437 (Kasrayan et al., 2002) (Figure 13 ). In addition, it was suggested that the biological role of the disulfide bridge is to keep the substrate from diffusing into solution. Hence, the product may only be liberated after reduction of the disulfide.
Step (5)
The last step of the whole sequence is undisputed, as it is exothermic and the reverse of the initial step (1) . The change in substrate structure at the C29 position appears to have hardly any influence on the reaction barrier and reaction energy. The exothermicity of this last step has been estimated at approximately -23 kJ/mol (Cerqueira et al., 2004b; Pelmenschikov et al., 2004) .
In conclusion, many constituents of the mechanism of the catalytic deoxygenation of ribonucleotides promoted by RNR seem to be settled to a large extent. It is helpful to realize that RNR has been able to teach radical and radical ion chemists a lesson about the utility of coupling dissociation processes, such as dehydration of the 39-ribonucleotide radical, and reduction processes, such as reduction of the 39-ketonucleotide by the disulfide radical anion, to hydrogen bonding to lower their barriers significantly. The transfer of such concepts into preparative radical and radical ion chemistry is still in its infancy.
